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A subset of the US-Army/NASA wind tunnel tests of a full-scale UH-60A Black-Hawk
rotor system are studied using a Hybrid Navier-Stokes Free-Wake Computational Fluid
Dynamics methodology, coupled with a multi-body dynamics analysis code. A speed sweep at
constant lift for advance ratios ranging between 0.15 and 0.37 and a thrust sweep at constant
advance ratio ranging from no stall to deep stall conditions are investigated. Results are
presented for sectional airloads, structural loads and integrated forces and moments at the
hub. There is reasonable agreement between measured and predicted performance
indicators such as thrust and power for the parametric speed and the thrust sweeps, while
the propulsive force is over-predicted. The lift to equivalent drag ratio is slightly under-
predicted for both the parametric sweep conditions. The predicted trim settings are
consistent with measurements.

Nomenclature

1 = advance ratio

Miip = tip Mach number

CL = rotor lift coefficient

Cp = power coefficient

Cr = rotor thrust coefficient

Cy = propulsive force coefficient

L/De = lift to equivalent drag ratio = C_ /(Cp/l - Cy)

Os = shaft angle of attack

Oc = shaft angle of attack corrected for wind tunnel wall corrections
o = solidity

C,M? = sectional normal loads, nondim. by %pazc
CnM? = sectional pitching moments, nondim. by ipazcz

I. Introduction

HE prediction of rotorcraft aeromechanics is a challenging task due to the complex environment that the rotor
blades operate under. Rotors in forward flight experience a wide range of aerodynamic phenomena including
the bundling of vortices at low speeds, transonic effects at high speeds and dynamic stall phenomena at high thrust
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conditions. Helicopters at low speed transition flight and high speed flights experience significant vibration. From a
rotorcraft designer’s perspective, accurate prediction of mean and peak-to-peak loads is not adequate to size the
expensive rotor hub components. The harmonic content of loads in the rotating system is crucial for capturing peak-
to-peak loads in the fixed system. For example, the 4P swash-plate servo loads (fixed system) are dependent upon
the 3-5P pushrod loads (rotating system). Therefore, the next generation rotorcraft predictive tools must be equipped
to accurately predict the mean, peak-to-peak as well as harmonic content of structural and aerodynamic loads. In
addition, performance indicators such as power, propulsive force, lift to drag ratio etc, must be captured accurately
by these tools.

Validation of these next generation predictive tools requires high quality experimental data. The NASA-Army
UH-60A Airloads Program® provides one such database, consisting of flight test data that includes pilot input,
vehicle attitudes, blade airloads and structural loads. A number of steady and maneuvering flight counters were
flown as a part of this program. Significant research has been done in the past decade to understand the fundamental
phenomena underlying the steady flight conditions.®® The present researchers have used this flight test database to
study the UH-60A rotor under steady level flight conditions****? and transient maneuvers — UTTAS pull-up
maneuver 11029, and diving turn maneuvers 11680 and 11679.**** While steady and maneuvering flight test data
provide a valuable resource for validating rotorcraft aeromechanical predictive tools, they are coupled with vehicle
dynamics and pilot control inputs and contain uncertainties associated with recording flight test data. In order to
address these limitations with flight test data, a controlled set of high quality wind tunnel data for the UH-60A
configuration was recently conducted.’

NASA and the US Army have completed (May 2010) a wind tunnel test on a full-scale pressure-instrumented
UH-60A rotor system at the USAF’s National Full-Scale Aerodynamics Complex 40- by 80-Foot Wind Tunnel. The
primary objective of this NASA/Army test program was to provide an extensive database for the validation of
predictive tools.>*® A variety of flight conditions were studied, including speed sweeps at constant thrust (for
advance ratios up to 0.4) and thrust sweeps at a constant advance ratio. The data acquired from this test included
blade airloads and structural loads, steady and oscillatory hub forces and moments, and blade displacements and
deformations. Romander et al.,'® investigated specific parametric speed and thrust sweeps by employing loosely
coupled OVERFLOW and CAMRAD |l and obtained detailed airloads and performance data. Yeo et al.,'
investigated the quality of aeromechanical load prediction for the speed and thrust sweeps using two approaches —
comprehensive analysis only (CAMRAD II) and CFD/CSD (CAMRAD II/OVERFLOW 2) and reported significant
improvement in predictions using the coupled CFD/CSD analysis.

In the current study, the full-scale wind tunnel data for the UH-60A rotor? will be used to compare measured
rotor airloads, structural loads and performance indicators with predictions. In this study, two parametric sweeps
will be investigated. The first parametric sweep study consists of a range of advance ratios, i = 0.15 to 0.4, at
constant lift (C /o = 0.09) and constant tip Mach number of 0.65. The second study consists of a thrust sweep from a
lightly loaded rotor through deep stall conditions, at a constant advance ratio (1 = 0.3) and a constant tip Mach
number of 0.625. The aim of the current study is to utilize the high-quality wind tunnel data to further validate the
present computational methodology without uncertainties associated with the flight test data.

I1. Computational Methodology

A. CFD Methodology

The CFD methodology used in this study is GT-Hybrid.* GT-Hybrid is a three-dimensional unsteady viscous
compressible flow solver. The flow is modeled by first principles using the Navier-Stokes Methodology. GT-Hybrid
solves the three-dimensional unsteady Navier-Stokes equations in the transformed body-fitted coordinate system
using a time-accurate, finite volume scheme. A third-order spatially accurate Roe scheme is used for computing the
inviscid fluxes and a second order central differencing scheme is used for viscous terms. The Navier-Stokes
equations are integrated in time by means of an approximate LU-SGS implicit time marching scheme. The flow is
assumed to be turbulent everywhere, and hence no transition model is currently used. The solver accepts a user
defined table of blade geometric and elastic deformations and deforms the computational grid. The temporal change
in computational cell volume is accounted for by explicitly satisfying the Geometric Conservation Law (GCL). GT-
Hybrid currently has the capability to use advanced turbulence models such as SA-DES and KES to compute the
eddy viscosity.

GT-Hybrid CFD solver utilizes a hybrid methodology where the flow field near the blade is resolved through the
Navier-Stokes solution, whereas the influence of the other blades and of the trailing and shed vorticity in the far
field wake are accounted for by modeling them as a collection of piece-wise linear bound and wake vortex elements,
as shown in Fig. 1. The near wake is captured inherently in the Navier-Stokes analysis. The use of such a hybrid
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Navier-Stokes/vortex modeling method allows for an accurate and economical modeling of viscous features near the
blades, and an accurate “non-diffusive” modeling of the wake in the far field.

— Vorticity Captured
—— Lagrangian vortices

Navier-Stokes Domain

Tip vortex
from current
blade

Rl P,

Tip vortex from other blade .+

Fig. 1. Schematic of Hybrid methodology.

The vortex model is based on a Lagrangian wake approach where a collection of vortex elements are released
from the rotor blade trailing edge and are convected downstream by a combination of the free-stream velocity and
the bound and wake vortex element self-induced velocities. The strength of the vortex elements is based on the
radial and temporal gradients of the bound circulation. The number of spanwise wake trailers and wake time step
increment are chosen by the user. The influence of these vortices on the blade aerodynamics is computed by
appropriately specifying the vortex-induced velocities at the far field boundary of the Navier-Stokes domain,
neglecting the contribution of the elements within the CFD volume grid released from the blade. A schematic of the
multiple wake trailer model is shown in Fig. 2.
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Fig. 2. Multiple trailer representation of wake.

B. Computational grid

For this work, the computational grid over each blade has 131x65x45 nodes in chordwise, spanwise and normal
directions respectively. The blade surface has 90 chordwise points and 50 spanwise points. The spanwise points are
clustered towards the blade tip region. The CFD grid was generated from a CAD representation of the blade surface
geometry. The far field boundary is located nine chords away from the blade surface. The normal grid spacing at the
blade surface is about 1.0°c, where c is the reference chord length. The grid is clustered near the tip and near the
leading and trailing edges to handle regions of high gradients. The grid is based on a C-H grid topology.

3
American Institute of Aeronautics and Astronautics



C. DYMORE CSD Methodology

DYMORE?® is a computational structural dynamics (CSD) solver used in this study. It is a multi-body finite
element code for arbitrary non-linear elastic systems. The multi-body models are constructed by connecting basic
structural elements; the data for these elements are stored within an element library. Each of these elements has its
own system of equations which when integrated create larger and more complex equations. The multibody code
incorporates robust and efficient time integration algorithms for integrating the resulting large scale, nonlinear,
differential or algebraic equations. The rotor blades are modeled as elastic beams with geometrically exact
composite beam finite element formulation. Rotorcraft comprehensive analyses solvers typically include internal
lifting line based aerodynamic model as well as auto-pilot algorithm which can be used to perform a fully trimmed
aeroelastic simulation of an isolated rotor configuration. DYMORE has been used extensively by researchers for
performing comprehensive analyses because of the in-built lifting line aerodynamics, non-linear inflow models as
well as auto-pilot trimmer. DYMORE can be coupled to external CFD solver to perform aeroelastic computations.
In the simulations presented in this study, a four bladed UH-60A rotor model is used. The model includes blade, lag
damper, push rod, rotor hub and swash plate. A lifting line based 2-D table lookup aerodynamics with dynamic
wake model is used for computing airloads internally.

D. CFD/CSD Loose Coupling and Trim Methodology

The CFD solver (GT-Hybrid) and CSD solver (DYMORE) are externally coupled in a loosely coupled manner.
The delta-trim algorithm or loose coupling procedure pioneered by Tung, Caradonna and Johnson® is used to obtain
trim solution and convergence of the CFD/CSD coupled analyses. At the beginning of the coupling process, the
comprehensive analysis computes the trim solution and blade dynamics by utilizing the internal lifting line
aerodynamic solution. The computed elastic blade deformations are then given as input to the CFD solver which in
turn solves for the flow-field, for an entire rotor revolution until convergence in flow-field data is obtained. This
concludes the first CFD/CSD iteration. In the subsequent CFD/CSD coupling iterations, the difference between the
CFD airloads and the lifting line airloads from the previous iteration, added to the lifting line solution for the current
iteration comprise the total airloads seen by the comprehensive analysis for the current iteration. Thus, the total
airloads within the comprehensive solver are incrementally replaced by the airloads predicted by external CFD code,
in an iterative manner.®

Fo = F§*

Fn= Fi+ (Fii — Fity)

In the numerical predictions, the trim targets are specified in the CSD methodology (DYMORE) to be the
measured rotor thrust (Ct/c), the measured hub moments, and the corrected shaft angle (a.). The corrected shaft
angle (a.) was derived by applying a Prandtl-Glauert wall correction to the geometric shaft angle (as) (Ref. 2) to
account for the effects of the tunnel walls. The hub moments were approximately zero for the thrust sweep and were
non-zero for the speed sweep conditions (simulating a rotor in 1-g flight). The autopilot algorithm in DYMORE
adjusts the collective and cyclic controls to match the specified trim targets.

I11. Parametric Speed Sweep

Numerical predictions have been obtained for a parametric speed sweep as tabulated in Table 1. All the speed
sweep conditions were carried out at C./o = 0.09 and a constant tip Mach number My, of 0.625.

Run* Data Point Advance Ratio (l) Corrected shaft angle
of attack (deg)
52 15 0.15 0.89
52 20 0.20 -0.31
52 25 0.24 -1.50
52 31 0.30 -3.49
52 35 0.35 -5.58
52 40 0.37 -6.74

Table 1. Wind-tunnel speed-sweep conditions at C /6 = 0.09. (Ref. 2)
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The sectional airloads (normal force and pitching moment) as well as the blade structural loads were studied for
the parametric speed sweep run. In this section, the effects of increasing the advance ratio for the same value of non-
dimensional lift will be discussed.

A. Lowest Advance Ratio run (5215)

The lowest advance ratio, g = 0.15 presents a challenge to the Hybrid CFD methodology since there is
occurrence of Blade Vortex Interaction (BVI) phenomena at this advance ratio. The effects of the near-wake are
critical for capturing the BV events accurately. Using the current Hybrid approach, the effects of the near wake
elements are very diffused. Therefore, it is important to study how well the Hybrid methodology is able to predict
airloads at this advance ratio. Since the advance ratio is low, the wake is not convected away from the blades
quickly and remains in the plane of rotor rotation. The older vortices released from the blades convect above the
rotor plane and interact with the flow over the subsequent blades to give rise to impulsive loading.

The sectional normal loads and pitching moments for this test condition are shown in Fig. 3. The trends in
sectional normal force are well matched. The BVI phenomenon is sensitive to miss distance, vortex strength as well
as crossing of the vortices. The high frequency impulsive loading characteristic of BVI events is evident in the
sectional pitching moment data near w = 75°and = 270° azimuthal locations. The impulsive behavior starts at r/R
=0.775 and extends through the tip region. Although the agreement in the sectional normal loads is adequate, the
pitching moment data misses peak-to-peak predictions.

The vortex trailer trajectories from r/R = 0.865 to the tip region have been plotted in Fig. 4 colored according to
the vortex strength. It can be seen that the strongest vortices are found near w = 270°. In Fig. 5, the vortex crossings
above and below the rotor tip path plane are shown. The vortices are colored according to their vicinity from the
rotor tip path plane. The vortices trailed by the previous blade (shown at w = 0° in Fig. 5) intersect the blade tip
region of the successive blade at y = 270°. Similar vortex crossings are seen at w = 90°. The CFD predictions
capture the BVI events reasonably well, although the peak-to-peak of the impulsive loading has not been well-
captured by the hybrid CFD methodology.

The impulsive loading due to BVI is sensitive to wake modeling effects as the wake representation determines
the induced inflow over the rotor disk. Therefore, the effect of using a single tip vortex representation vs. multiple
trailing and shed vortices representation has been studied for this advance ratio. Results indicate that the inboard
loading behavior in between 22.5% and 40% radial stations, is better captured using the multiple trailer wake in
conjunction with the shed wake model. The multiple trailer wake model appears to better predict the strength and
geometry of the inboard vortices. This in turn improves the induced velocity prediction over the rotor disk. In
contrast, the single tip vortex model has been observed to over-predict the peak-to-peak magnitude of sectional
airloads at all radial locations. It may be inferred that the vortices trailed from the in-board radial locations for this
flight condition have a considerable effect on the blade loading.

B. Blade root motion

The time history of blade root motion from the converged CFD/CSD analysis was used to extract the collective,
longitudinal and lateral cyclic control angles. These values are compared with the measured collective, longitudinal
and lateral cyclic angles as shown in Fig.s 6 a-c. As the advance ratio increases, the propulsive power increases
thereby resulting in an increase in the collective. With increase in advance ratio, the longitudinal cyclic is increased
to counteract the increasing nose-down pitching moment thereby maintaining trim in the longitudinal direction. As
shown in Fig.s 6 a-b, the collective and longitudinal cyclic compare well with the measured values for the
parametric speed-sweep. However, there is a constant difference of 1-1.5 deg between measured and predicted
lateral cyclic angles, as seen in Fig. 6 c.

C. Sectional Airloads

The effects of increasing the advance ratio for a constant tip Mach number were studied for the conditions
enlisted in Table 1. For the low advance ratio cases runs 5215 and 5220, the CFD solution required a larger number
of rotor revolutions within the coupling process for achieving convergence of the rotor hub loads. The contribution
of induced inflow towards the blade sectional angle of attack is higher at lower advance ratios. Therefore, it takes a
larger number of rotor revolutions for the wake induced loads to attain steady state solution.

A qualitative representation of the predicted sectional normal loads and pitching moments for 3 advance ratios p
= 0.15, 0.3 and 0.37 is shown in Fig. 7. The pitching moments data in Fig. 7 a, shows impulsive loading in the first
and fourth quadrant due to the occurence of BVI phenomena. Sectional normal loads in Fig.s 7 b and ¢
corresponding to p = 0.3 and 0.37, depict negative loading on the advancing side tip region, which is produced to
accommodate roll moment balance in high speed flight. The negative normal loads at the inboard stations on the
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retreating side are also seen due to reverse flow. Similarly the pitching moment data in Fig.s 7 b and ¢ show negative
moments on the advancing side, which is characteristic of high speed flight.

A detailed comparison of sectional normal loads and pitching moments near the tip region r/R = 0.92, at the
same advance ratios g = 0.15, 0.3 and 0.37 is shown in Fig. 8. On the advancing blade, transonic flow sets in at the
tip region, causing negative lift at the end of the first quadrant. With increase in advance ratio, the negative loading
in the blade sectional normal loads becomes more pronounced as compressibility effects intensify. Increased nose
down pitching moments are observed as well. The CFD/CSD predictions show an under-prediction in peak-to-peak
magnitude of pitching moments.

D. Structural Loads

The blade structural loads namely the flapwise bending moment, torsional moment and edgewise bending
moment at 40%R have been compared in Fig. 9 for advance ratios of 0.15, 0.3, and 0.37. Steady values have been
removed from the measured and predicted data. The waveform of the flapwise bending moments follows the
waveform of the normal loads data. At u = 0.15, there are two troughs observed in the flapwise bending moment
predictions, the first corresponding to the impulsive down-up loading in the normal loads data, the second trough
occurring in the second quadrant as a result of negative sectional angles of attack. With increase in advance ratio,
compressibility effects become more prominent on the advancing blade, giving rise to the corresponding waveform
in the flapwise bending moment predictions. The flapwise bending moments are slightly under-predicted by
CFD/CSD predictions. A consistent phase difference is observed between the measurement and the predictions.

The oscillatory torsional moment predictions show strong 4P variation at i = 0.15, which has not been captured
accurately in CFD/CSD predictions. As advance ratio increases, the waveform for torsional moments is well-
captured on the advancing side, while the sharp drop in torsional moment on the retreating side near y= 250° is not
well-predicted. The peak-to-peak magnitude is well-predicted. The prediction quality of oscillatory torsional
moments is directly related to that of sectional pitching moments.

The test data for oscillatory chordwise bending moment at 40%R shows high frequency content at |1 = 0.15. The
peak-to-peak of chordwise bending moment is significantly under-predicted and the phase is not well-captured. The
correlation quality does not improve with increase in advance ratio.

The comparison of measured vs. predicted time histories of push-rod loads has been shown in Fig. 10 for the
speed-sweep conditions. The advancing side wave-form is captured well while the dual-peak behavior on the
retreating side is not well-captured.

E. Integrated Performance Results

The non-dimensional predicted performance indicators for thrust, propulsive force, power coefficient and lift to
equivalent drag obtained from the coupled CFD/CSD analysis are compared against the test data for the parametric
speed sweep in Fig. 11. The solution domain from where the performance indicators were extracted (CFD or CSD)
is indicated in the legend. The CFD/CSD methodology employed performs well in predicting the integrated
performance indicators as a function of advance ratio. The prediction of thrust is within experimental error limits,
which is expected since thrust is one of the trim targets. The small differences between CFD and CSD predictions is
due to interpolation effects not accounting for force conservation at the fluid and structure interface. The measured
and predicted power coefficients compare well for all advance ratios. The agreement between predicted and
measured propulsive force for the parametric speed sweep is good at lower advance ratios, while there is an over-
prediction at higher advance ratios. Since the propulsive force is over-predicted at higher advance ratios, the L/De is
over-predicted as well. Note that the use of fully turbulent flow, an assumption made in the current CFD
methodology, tends to over-predict the viscous drag and may affect the stall behavior.

F. Correlation quality of airloads

In order to find out the correlation quality of predicted airloads with measured data, the statistical metric
introduced by Bousman and Norman® was used for the parametric speed sweep. Makinen et al.?! used this method
to characterize the prediction quality of harmonic components of pushrod loads for a velocity sweep of flight
conditions for the UH-60A Airloads Flight Test Data. A linear regression curve-fit of the data points provides three
quantitative attributes of the correlation quality — slope (m), coefficient of determination (r?) and vertical axis offset
(b). This metric can be used to study the improvement and degradation of the airloads prediction as a function of
advance ratio. As the correlation quality improves, the slope (m) and co-efficient of determination r® approach unity.
Fig. 12 shows correlation quality for sectional normal loads and pitching moments for the highest and the lowest
advance ratio simulations carried out in this study. In general, the sectional normal loads were found to have the best
correlation, while the correlation quality of pitching moments improves with increase in advance ratio. For p= 0.15,
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the correlation of pitching moments at r/R = 0.775 and r/R = 0.4 is the least. The best correlation in pitching
moments is obtained at r/R = 0.92 at this advance ratio. With increase in advance ratio, the correlation trends
improve.

IVV. Parametric Thrust Sweep

Results have been obtained for parametric thrust sweep conditions as tabulated in Table 2. These conditions
range from an un-stalled condition to deeply stalled conditions. The parametric thrust sweep was carried out at a
fixed p = 0.3 and a constant tip Mach number Mtip of 0.625.

Run* Data Point Cilo Corrected shaft angle of attack

(deg)
45 28 0.020 0.15
45 29 0.040 0.31
45 30 0.060 0.47
45 33 0.090 0.70
45 36 0.120 0.94
45 40 0.123 0.97

Table 2. Wind-tunnel test database comprising of thrust-sweep conditions at p= 0.3 (Ref. 2)

A. Blade root motion

Figures 13 a-c show comparison of measured and predicted collective, longitudinal and lateral cyclic angles. For
the same forward speed, increase in blade loading results in increase in the rotor collective. The measured and
predicted collective angles compare very well. There is good agreement between measured and predicted
longitudinal cyclic angles for the thrust sweep. The lateral cyclic angle is over-predicted by the CFD/CSD analysis
by a marginal amount, as seen in Fig. 13 c.

B. Sectional Airloads

The contour plots of predicted sectional normal loads and pitching moments for 3 thrust conditions C+/c = 0.02,
0.06 and 0.12 are shown in Fig. 14. The distribution of sectional normal force and pitching moments for the thrust
sweep is significantly different from that of the speed sweep (Fig. 7). Since the rotor is operating at p = 0.3,
compressibility effects on the advancing blade tip are observed for all the blade loading values in the parametric
thrust sweep. At Ct/oc = 0.02, negative loading is observed through out the advancing side in both the normal
sectional loads and pitching moments. As the blade loading value increases, the reverse flow region on the retreating
side becomes pronounced as seen in normal loads data in Fig.s 14 b and c. At Cy/o = 0.12, the pitching moment
prediction shows two distinct stall regions on the retreating side. These regions are spread over a narrow range of
azimuth and are characteristic of dynamic stall phenomena. The normal sectional loads at this blade loading value
show four distinct areas of high lift.

Detailed sectional normal loads and pitching moment predictions at 92% radial station for the same 3
representative thrust sweep conditions is shown in Fig. 15. For the thrust sweep runs, the shaft angle of attack a. is
very close to zero. The measured as well as predicted data show negative normal loads at 92% spanwise station on
the advancing side. In Fig. 15, at C+/c = 0.06, BVI-induced pulses in the first quadrant are observed, similar to
speed-sweep condition at u = 0.15 (Fig. 8). The current methodology is able to capture the impulsive pitching
moment variation in the first quadrant at C/c = 0.06. There is a phase difference observed in the sectional normal
loads on the advancing blade at this radial station. At higher thrust values, dynamic stall sets in and is clearly
observed in the pitching moment data at y= 290° and y= 340°. The first dynamic stall cycle has been predicted
accurately in magnitude and phase, while there is under-prediction in magnitude of the second dynamic stall at Cy/c
=0.12. The stall cycles were observed only at blade loading values equal to and greater than 0.12.

C. Structural Loads

The structural loads for the thrust sweep runs are shown in Fig. 16. The peak-to-peak predictions of flapwise
bending moment for the 3 representative thrust sweep runs compare well with the test data. At C+/c =0.02 and 0.06,
the flapwise bending moment at 40%R shows high frequency oscillations near the end of the first quadrant and the
beginning of the second. At Ci/c = 0.12, the torsional moments prediction captures the waveform of the test data
associated with dual dynamic stall on the retreating side. There is significant under-prediction of chordwise bending
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moment at all values of Cy/c. The CFD/CSD predictions show significant 5P oscillations manifesting as a result of
dynamic stall events. The blade 2" chord frequency is 4.69P and first torsion frequency is 4.53P, therefore, the
structural response due to 5P aerodynamic forcing function as a result of dynamic stall is magnified.*

Figure 17 shows oscillatory push-rod loads for all the test conditions studied in the thrust sweep. The waveform
of the push-rod loads is similar to the waveform of the torsion moments at r/R = 0.4. The peak-to-peak loads are
well-predicted at lower blade-loading values. As the blade-loading increases, the magnitude of compressive push-
rod loads on the retreating blade is magnified in the CFD/CSD predictions, due to stall effects.’

D. Integrated Performance Results

Figure 18 shows performance indicators for the measured and simulated thrust sweep conditions. The agreement
between measured and predicted thrust coefficient values is excellent, since the rotor is trimmed to the specified
thrust target. The power coefficient increases steeply with increase in blade loading value. There is a slight over-
prediction in the power predictions. At low blade-loading values, the propulsive force coefficients are over-predicted
for the parametric thrust-sweep. However, the lift to equivalent drag prediction matches the test-data. The equivalent
drag is obtained by subtracting propulsive power from the total power. Since there is an over-prediction in both, the
values of equivalent drag match well with the test data giving rise to a decent agreement in the L/D, ratio.

E. Correlation quality of airloads

The statistical metric introduced by Bousman and Norman discussed in section IV-E, is applied to the lowest and
highest blade loading conditions in order to determine the quality of correlation of predicted airloads with the
measured data. Fig. 19 shows that correlation quality of both normal loads and pitching moments improves with
increase in blade loading. At 77.5%R, the correlation of pitching moments is observed to be unsatisfactory because
of the presence of trim tab at this location.

V. Conclusions and Recommendations

Two parametric runs namely speed sweep at constant lift and thrust sweep at constant advance ratio were
investigated for full-scale wind tunnel UH-60A rotor using a Hybrid CFD methodology and a multi-body dynamics
CSD approach using loosely coupled CFD/CSD methodology. All the fundamental flow phenomena have been
modeled by the current CFD/CSD methodology. The following are the key conclusions from the study.

Speed Sweep

1. The prediction of airloads at low advance ratio was found to be sensitive to the wake modeling effects. The
multiple span wake model was found to be better in predicting impulsive loading arising due to blade-vortex
interaction on the advancing and retreating sides. For accurately capturing the impulsive loading due to blade
and vortex interactions using hybrid CFD methodology, embedded grids to ensure less dissipation of the near-
wake may be used.

2. Best agreement in structural load prediction was obtained for flapwise bending moment data, followed by
torsional moments. Torsional moments for g = 0.15 show a strong 4P variation. While the peak-to-peak values
of pushrod loads are captured, the retreating side waveform was not well-predicted. The retreating-side behavior
needs to be further investigated.

3. The integrated performance results showed best agreement between measured and predicted thrust and power
coefficients. The propulsive force agreement was found to be better at lower advance ratios while it was over-
predicted at higher advance ratios. The equivalent lift to drag ratio was over-predicted at high advance ratios.

4. The trim control settings — collective, longitudinal cyclic are well predicted for the speed sweep, while lateral
cyclic was consistently over-predicted by 1° to 1.5° at the most, for the parametric speed sweep.

Thrust Sweep

1. The test condition with Ct/c = 0.06 is characterized by BVI impulses seen on the advancing blade. At C/c =
0.12, dynamic stall phenomena is seen on the retreating side. There is a slight over-prediction in the magnitude
of normal loads.

2. The peak-to-peak and waveform of flapwise bending moment and torsional moments have been predicted
moderately well. The 5P variation in the predictions for chordwise bending moment is amplified due to the
dynamic stall events. The chordwise bending moments are under-predicted and phase is not well-matched.
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3. The integrated results showed reasonable agreement in thrust coefficients, while an over-prediction in the power
and propulsive force coefficients was observed. At lower blade-loading values, the percentage error in the
prediction of propulsive force was found to be higher.

4. The trim control settings — collective, longitudinal cyclic as well as the lateral cyclic angles are captured
consistently for the thrust sweep.
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Figure 4. Wake geometry obtained using Hybrid CFD methodology for = 0.15 condition. Only the vorticity

near the tip region has been visualized for clarity.
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Figure 5. Vortices above and below the rotor tip path plane at p = 0.15 condition. Only the vorticity near the

tip region has been visualized for clarity.
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Figure 6. Calculated and measured blade pitch angle for speed sweep.
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Figure 17. Comparison of measured and predicted blade oscillatory push rod loads for thrust sweep

conditions.
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Figure 18. Performance indicators as a function of blade loading.
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Figure 19. Prediction quality of sectional normal loads and pitching moments for 2 blade loading values,
CT/o =0.02 and p = 0.12. Best correlation quality corresponds to m =1 and r* = 1.
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